ABSTRACT. This longitudinal study investigated the rates of iron-deficiency (ID) and iron-deficiency anemia (IDA) among prenatally cocaine-exposed and nonexposed two-and four-year-old children and assessed their relationships to neurodevelopmental outcomes. The sample consisted of 143 two-year-old (70 exposed and 73 nonexposed) and 274 four-year-old (139 exposed and 135 nonexposed) low socioeconomic status children recruited from an ongoing longitudinal study. Hematological assessments included hemoglobin, serum ferritin, mean corpuscular volume, transferrin saturation, and blood lead levels. The neurodevelopmental outcomes consisted of the Bayley Mental (MDI) and Motor (PDI) Development indices at two years, and the Wechsler Preschool and Primary Scales of Intelligence (WPPSI) and the Peabody Developmental Motor Scales (PDMS) at four years. The rate of IDA in four-year-old children was significantly greater among the cocaine-exposed compared to the nonexposed group (p = .026), while the rates at two years were not significant. Exposure to IDA at two years was associated with a significant decrease in concurrent motor scores (p = .011) after adjustment for relevant covariates. Peak exposure to IDA, defined as being anemic at 2 and/or 4 years of age, was associated with a significant (p < .05) decrease in Full Scale IQ after adjustment. Cocaine exposure was not a significant predictor of Full Scale IQ with the inclusion of peak IDA and lead in the model. These findings indicate the need for greater pediatric surveillance of IDA and lead in cocaine-exposed infants, in order to reduce long-term neuropsychological deficits. J Dev Behav Pediatr 25: 1 -9, 2004.
A number of studies on the effect of prenatal cocaine exposure on child neurodevelopmental outcomes have indicated behavioral abnormalities 1 -6 and mental, motor, and language impairments; [7] [8] [9] [10] [11] although other studies, 12 -14 and a recent systematic review, 15 have not found consistent differences. In the prenatal period, impaired oxygen and nutrient delivery to the fetus can occur as an indirect consequence of maternal cocaine use during pregnancy. 16 Besides fetal malnutrition, prenatal cocaine exposure is also associated with prematurity 17 and low birth weight. 18 All conditions may place the infant at risk for low iron stores at birth. 19, 20 Depressed neonatal fat stores and diminished lean body mass were found in newborn infants even after maternal weight for height at conception and pregnancy weight gain were analytically controlled. 21 In the postnatal period, factors such as poverty and quality of the home environment increase the vulnerability of children to postnatal risks such as iron deficiency without anemia (ID) and with anemia (IDA). 22 These include poor diet, 23 -25 pica (eating non-food substances such as dirt), low socioeconomic conditions, 22 maternal (low education and IQ, number of children, stress) 22 and caretaking factors. ID is also thought to enhance gastrointestinal absorption of lead and may even increase cellular transport of lead. 26 In early childhood, ID and IDA are common problems particularly for disadvantaged children. Data from the National Health and Nutrition Examination Survey III (NHANES III) indicate that ID and IDA are prevalent at 9% and 3%, respectively, among toddlers 1 to 2 years of age; and as 3 and less than 1%, respectively, among children 3 to 5 years of age. 22 Several studies have shown that IDA is associated with poorer performance on standardized assessments of mental 27 -30 and motor development, 30, 31 as well as poorer behavioral outcomes. 32 Iron deficiency without anemia in early childhood does not have conclusive evidence on neurodevelopment. 33 However, a recent study 34 reported lower standardized math scores among ID schoolaged children and adolescents. The reversal of IDA does not necessarily improve functional outcomes, suggesting that ID at a critical period of brain growth and differentiation may produce long lasting deficits. 30, 31, 35, 36 Although previous studies of cocaine-exposed infants have considered other substance use and a number of sociodemographic and maternal variables as modifiers and mediators of the variability in neurodevelopment, other postnatal risks such as ID/IDA that may account for some of the variability in infant neurodevelopmental sequelae have not been evaluated. Iron deficiency in cocaine-exposed children can be acquired pre-or postnatally through biologic, maternal, infant, and environmental factors through the several mechanisms described previously. Therefore, we hypothesized that (1) cocaine-exposed children would have higher a rate of ID or IDA compared to nonexposed children and (2) that ID/IDA would be independently associated with deficits in neuropsychological development after adjustment for cocaine, lead levels, maternal, infant, and environmental factors.
METHOD Study Sample
The sample was recruited from a cohort of children participating in a longitudinal study of the effects of prenatal cocaine exposure on development. The characteristics of the cohort and the method of recruitment have been described previously 6, 37 and will only be summarized here. From October 1994 through October 1996, a total of 415 infants (218 cocaine-exposed, 197 nonexposed) were recruited at birth from a large urban teaching hospital. Cocaine-exposed infants were identified through maternal urine screen, clinical interview, or infant meconium screen. Comparison infants were negative on all parameters and drawn from the same racial and social class population. Groups did not differ in ethnicity, gender, or prevalence of very low birth weight. Exclusion criteria for enrolling women were as follows: primary drug of choice was not cocaine, HIV positivity, history of moderate/severe mental retardation, severe psychiatric disorders requiring medication, or significant medical illness (diabetes, cancer). Approximately 86% of the sample were African-Americans and over 75% belonged to socioeconomic status (SES) category V (Hollingshead). Both groups of infants were also polydrug-exposed with cocaine-using mothers using significantly more marijuana than the nonexposed mothers. The presence of other drugs, such as amphetamine, barbiturate, benzodiazepine, heroin, and phencyclidine, were minimal for cocaine users and virtually nonexistent for noncocaine users. At the scheduled two-year visit, 372 infants returned for follow up testing with a 92% retention rate. At the four-year visit, 387 children returned for testing with a 95% retention rate.
Mothers/foster parents of these infants tested at two and four years were approached to participate in the study of iron deficiency with and without anemia. Venous blood samples were drawn by trained pediatric phlebotomists at the two time periods. Blood samples could not be obtained from some children at each assessment time due to parental refusal, inability to draw blood without undue stress, child sickness, or logistical difficulties. The numbers of subjects with valid blood measures at age two and four years were 143 and 274. A subgroup of 122 children had measures at both 2 and 4 years of age. Evaluation of selection bias between the participants and nonparticipants of this study indicated that a significantly greater percentage of African-American and married women, and a lower percentage of foster parents, consented for blood collection. Other maternal and infant characteristics did not differ between the groups. This study was approved by the Institutional Review Boards of the participating hospital, and written informed consent was obtained from the mother/foster parent prior to infant's participation.
PROCEDURES

Maternal Assessments
As part of the parent study, the biologic mother was interviewed soon after delivery regarding her drug use and other substances during pregnancy using the structured interview format of the maternal postpartum questionnaire. 8, 38 Cocaine and marijuana exposure were characterized by frequency of use, ranging from six (several times a day) to one (once a month), and duration of use during pregnancy. The number of marijuana joints smoked weekly and the number of cocaine rocks used were also calculated. Alcohol exposure was obtained by multiplying the number of drinks described as taken on each occasion by the number of drinking occasions per week. Each drink (12 ounces of beer, four ounces of wine, cocktail with shot) was considered 0.5 ounces of alcohol. Cigarette exposure was quantified by counting the number of packs smoked per week and multiplying by 20. Maternal IQ was estimated using the Peabody Picture Vocabulary TestRevised (PPVT-R) Scale. 39 Mothers and caregivers were also administered the Brief Symptom Inventory 40 which yielded an overall measure of self-reported severity of psychological distress, the Global Severity Index (GSI). Other characteristics such as maternal race, age, SES, gravida, parity, and number of prenatal care visits were obtained at the time of infant birth from the medical records.
Infant Measures
Infant measures were taken at the time of birth from the hospital record and included infant birth outcomes, and Apgar scores. The Hobel Neonatal Risk Index 41 was computed as a measure of the severity of medical complications and illness for the period immediately after birth.
Hematologic Assessments
Hematologic assessments included hemoglobin (Hb), mean corpuscular volume (MCV), % transferrin saturation (TS), serum ferritin (SF), and lead. Abnormal blood values for iron deficiency with and without anemia followed the recommendations of the American Academy of Pediatrics 23 and previous studies. 27, 30 They were as follows: the cutoff values for two year olds (Hb < 11.0 g/dl, MCV 70 mm 3 , TS 10%, SF 12 mg/liter); and for four year olds (Hb < 11.2 g/dl, MCV 73 mm 3 , TS 12%, SF 12 mg/liter). For estimating rates, elevated blood lead values were defined as ! 10 mg/dL.
Iron status was defined as follows: (1) nonanemic (normal Hb levels) and all three iron measures (SF, MCV, TS) in the normal range (iron sufficient), (2) nonanemic (normal Hb levels) and any two of three iron measures (SF, MCV, TS) in the abnormal range (iron deficiency [ID]), (3) anemic (abnormal Hb levels) and any two of three iron measures (SF, MCV, TS) in the abnormal range (iron deficiency anemia [IDA] ). Using this definition we had 3 and 7 children with ID and IDA, respectively, at two years; and 8 and 5 children with ID and IDA, respectively, at four years. To provide the most powerful possible test of exposure, a peak IDA index was defined as having IDA at any of the assessments at ages 2 and/or 4 years. The peak analysis included children who had hematology measures at both 2 and 4 years, so that the children could be correctly classified as being either nonanemic or anemic within the defined time interval. By this criterion, 11 children had IDA at some point in the preschool years. A peak ID index was not used in the analysis because the differences in mental and motor outcomes of ID and iron sufficient children were minimal.
Neurodevelopmental Examinations
Examinations were conducted at the research laboratory by trained observers blinded to the cocaine, iron, and lead status of the child. The Bayley Mental Development Index (MDI) 42 was used to assess overall cognitive development and the Bayley Psychomotor Development Index (PDI) 42 was used to assess gross and fine motor development at two years of age. The MDI and PDI were adjusted for infant prematurity. At four years, a prorated version of the Wechsler Preschool and Primary Scales of Intelligence (WPPSI) 43 was used to assess overall Full Scale IQ, as well as Verbal (subscales: arithmetic, vocabulary, information) and Performance IQ (subscales: block design, object assembly, picture completion). The Peabody Developmental Motor Scales 44 were used to assess gross (PDMS-GM) and fine (PDMS-FM) motor abilities at four years.
Environmental Measures
The Home Observation of the Environment (HOME) 45 was administered to the caregiver in an interview format as a measure of the quality of the caregiving environment at the time of their follow-up visit to the research laboratory.
Statistical Analysis
The comparison of demographic, maternal, infant, and hematology measures between cocaine-exposed versus nonexposed children were analyzed using t-tests for continuous data and chi-square for categorical data. The prevalence of ID, IDA, and high lead levels was also calculated and compared for the cocaine-exposed and nonexposed groups. Due to the minimal differences in neurodevelopmental scores between ID and iron sufficient children, they were collapsed into the nonanemic group for all analyses. Therefore the anemic (IDA) status of the child was the exposure of interest. Additionally, since the majority of the children belonged to the cocaine-exposed group (only 1 child with IDA was in the nonexposed group), the interaction effect of cocaine with IDA was not considered due to the problem of precision in the estimated coefficients from the regression models.
The effect of IDA on neurodevelopmental outcomes at age 2 and 4 years was evaluated using multiple regression analysis for exposure measured at ages 2 and 4 years, respectively. For these two regression models, nontime variant covariates and covariates specific to the age were used for adjustment of data. For the multiple regression analysis of peak IDA on neurodevelopmental outcomes at age 4 years, the time-dependent covariates were replaced by the means of the measures made at the two time periods.
The regression models included cocaine exposure for all assessments. Other candidate covariates to be included in the final regression model were selected on the basis of their relationship to neurodevelopmental outcomes and to IDA, and those that were related to selection bias. These variables were grouped according to maternal factors at birth (ethnicity, SES, maternal age, parity, prenatal visits, maternal education, marital status, maternal IQ, GSI, severity of alcohol, tobacco, and marijuana use), infant characteristics at birth (birth weight, birth length, head circumference, APGAR scores, Hobel risk score, gestational age, and gender), and environmental (lead, HOME, and nonmaternal care). The HOME scores were not available for the entire two-year cohort and hence were not used for the twoyear analysis. Time dependent variables included the GSI and lead levels. The covariates were entered into the model in the order listed above.
Pearson's product moment and Spearman correlations were computed between the outcome and other risk factor variables at each age. Due to the large number of potential covariates, several levels of checking were used to select the most parsimonious model. First, covariates were considered for the model if they were significantly different between cocaine exposed and nonexposed groups and/or related to the outcome at p < 0.10. Second, the covariates were entered stepwise into the model and were retained only if they contributed to at least a 10% change in the estimated regression coefficients for the exposure (IDA). Third, collinearity statistics using tolerance was used to further screen the variables entered into the model. Covariates with tolerance values close to zero were eliminated. These included infant birth outcome variables (mediating) that were highly collinear with cocaine status. Interaction terms of IDA with cocaine/other covariates were not included due to the limited size of the IDA group. The forced-entry procedure was utilized for the final regression model. For all analyses significance was assessed at p < 0.05.
RESULTS
Sample Characteristics
A total of 143 two-year-old (70 cocaine-exposed and 73 nonexposed) and 274 four-year-old (139 cocaine-exposed and 135 nonexposed) children participated in this study. The mothers of 2-and 4-year-old cocaine-exposed children (Table 1) were significantly older, of higher parity, had greater psychological distress, had fewer prenatal visits, and increased use of substances such as alcohol, tobacco, and marijuana. The cocaine-exposed infants (Table 1) had significantly lower birthweight, birth length, and head circumference, with a higher proportion placed in nonmaternal care at both assessment periods.
Rates of ID/IDA/Lead Levels
The rates of IDA in the two-year cohort were 7.1% among the cocaine-exposed compared to 1.4% among the nonexposed children, but this difference was not significant. In the four-year cohort, a total of five children with IDA were found only in the cocaine-exposed group and were significantly different from the nonexposed group (3.6% versus 0%, p = 0.026). The ID rate in the two-year-old children was not different (1.4% in cocaine-exposed versus 2.7% in nonexposed). The rate of ID in the four-year group was also not different (3% in cocaine-exposed versus 3% in nonexposed). Blood lead exposure (!10 mg/dL) was not different between the cocaine-exposed and nonexposed groups at both ages 2 years (28% versus 36%) and four years (21% versus 17%).
Tests of the Hypothesis
The ID and iron sufficient children were collapsed into the nonanemic group due to the minimal neurodevelopmental differences for all analyses. The differences between ID and iron sufficient children for the peak ID index were not significant ( p > 0.05) for Performance (88.6 ± 15.0 versus 93.7 ± 16.5), Verbal (81.9 ± 12.3 versus 80.2 ± 11.3) and Full Scale IQ (83.5 ± 13.4 versus 85.2 ± 13.1), respectively. These differences were also not significant for the concurrent two-and four-year analyses. Therefore the two categories used were anemic (IDA) and nonanemic (ID and iron sufficient) children.
Variables that were significantly different between the cocaine-exposed and nonexposed groups (Table 1) , and those that were related to neurodevelopmental measures (Tables 2 and 3) were considered as potential covariates. Inclusion of ethnicity, prenatal care, maternal education, GSI, alcohol, cigarette, and marijuana use did not contribute to a 10% change in the coefficient values for IDA or cocaine. Further, some independent variables were highly collinear with the other variables in the model and thus required elimination. Variables such as parity, marital status, maternal age, birth weight, birth length, head circumference, HOBEL score, and nonmaternal care that had lower tolerance values were collinear with cocaine status. The covariates thus selected for the final model were maternal IQ, infant gender, lead levels, and HOME scores (only for four-year assessments).
The analysis (Table 4) of two-year psychomotor development index (PDI), with two-year IDA exposure and covariates, predicted a mean decrease of 12.9 points ( p = 0.012). The analysis of four-year Full Scale IQ, with peak IDA exposure and covariates, predicted a mean decrease of 8.1 points ( p = 0.047).
The contribution of the independent variables to the cognitive outcomes are listed in the order of importance and are as follows: For the two-year mental outcomes with concurrent two-year IDA exposure and covariates, the significant predictors were cocaine exposure, lead levels, and gender. For the four-year Full Scale IQ measures with concurrent four year IDA exposure and covariates, the significant predictors were HOME scores and lead levels. For the concurrent four-year Performance IQ analysis with exposure and covariates, the significant predictors were lead levels, HOME scores, and cocaine status. For the concurrent four-year Verbal IQ analysis with exposure and covariates, the significant predictors were HOME scores and gender.
The results of the peak analysis (Table 5) indicated that four-year Full Scale IQ was significantly predicted by IDA and lead levels, verbal IQ was explained by HOME scores, and performance IQ was explained by maternal IQ, cocaine exposure, and lead. There was not a significant trend ( p < 0.10) for peak IDA exposure to explain both Verbal and Performance IQ.
For the analysis of two-year PDI with concurrent twoyear IDA exposure and covariates, the significant contributors to the model were gender and IDA. The models predicting four-year gross and fine motor outcomes were not significantly explained by any of the independent variables in the model.
DISCUSSION
The present study is the first to report rates of ID, IDA, and lead levels among cocaine-exposed children and provides insight into the extent of the problem among these high-risk children. Higher rates of IDA were found in the cocaine-exposed group at both ages and were significantly higher in the exposed versus the nonexposed in the four-year-old children. The rates of IDA in the two-and four-year-old cocaine-exposed groups was higher than the national averages reported by the NHANES III survey, while the rates in the nonexposed group was similar to the MDI, mental development index; PPVT-R, Peabody Picture Vocabulary Test-Revised; HOME, Home Observation of the Environment. *Significant at p < 0.10. **Significant at p < 0.05.
Cocaine, Anemia, and Neurodevelopmentnational rates. 22 The fact that the majority of children who had IDA belonged to the cocaine-exposed group suggests that there may be some mechanism by which these exposed children were at higher risk. One speculation is that the iron stores of cocaine-exposed children may be lower at birth, possibly due to maternal malnutrition or preterm delivery. During infancy, the lower iron stores may become depleted faster because of the increased need for iron during early childhood thus placing these children at higher risk for IDA. This increased need is also common with preterm and low birth weight infants. 19, 20 In this study we found no correlation between IDA and infant birth outcomes. Both cocaine-exposed and nonexposed children from this cohort were from equally disadvantaged homes, indicating that environmental factors and diet may not be entirely responsible for the differential rate of IDA in these groups.
The present study found that peak IDA was significantly associated with Full Scale IQ deficits at four years, even after adjustment for cocaine and other variables related to early child development. These results suggest that chronic exposure to IDA may have long-term cognitive implications. Several other studies have also shown that IDA in early infancy may affect subsequent cognitive development at later years. 30, 34, 36, 46, 47 One recent study 48 indicates that umbilical cord iron status (fetal iron status) was associated with diminished mental performance at five years of age. In the present study, history of exposure to IDA was also weakly related to lower Verbal and Performance IQ. An interesting finding was that IDA was not a mediator of cocaine exposure effects but had independent effects on cognition at later years. Although prenatal cocaine exposure may be a potent neuroteratogen for postnatal mental outcomes, 11 our results indicate that factors such as IDA must be considered in future studies. In this study cocaineexposed children with IDA had a two-fold decrease in Full Scale IQ scores when compared with children with cocaineexposure and no IDA. Independently, both cocaine and IDA alter dopamine neurotransmission, 49 ,50 a major factor in learning and cognition. Therefore we speculate that the greater deficit in cognitive outcomes for children with both cocaine and IDA exposures may be through the dopaminergic pathway. Animal studies 51, 52 have shown significant dopaminergic alterations in ID rats that resulted in decreased motor behavioral activity compared to non-ID rats despite high doses of cocaine administered postnatally to both groups. The animal studies do not provide exact parallels of the effects of the relationship between cocaine exposure and ID in humans, but do provide a framework for understanding the possible role of altered dopamine neurotransmission theory. It is important that future studies of the neurodevelopmental outcomes of cocaine-exposed children include measures of IDA from birth to assess the contribution of various risk factors to development. Iron deficiency without anemia (ID) did not seem to have a similar association with mental outcomes in this sample of children, consistent with prior observations. 49 Despite this finding, chronic ID has been found in other studies to have detrimental effects on the developing brain and with long term consequences. 36 The exposure to IDA at two years was significantly associated with lower motor outcomes at the same age. Early motor outcomes may be predictive of later cognitive performance through maturation of motor behaviors as suggested previously. 53 This was further supported by the significant correlation that was found between the twoyear motor scores and the four-year cognitive outcomes. An association of IDA with motor outcomes at four years was not found and, in fact, none of the covariates in the model were significant predictors for these motor outcomes. We also did not find an association of IDA with concurrent two-year MDI or four-year cognitive scores, possibly due to the small number of IDA cases. Our results should be explored further with a larger sample of IDA cases.
Elevated blood lead levels are a potential confounder in the association between IDA and cognitive outcomes, but the finding was that lead exposure independently predicted poorer cognitive outcomes (MDI, Performance and Full Scale IQ) at both ages in this sample. Lead exposure was higher than NHANES III prevalence rates 54 (two years: 6%; four years: 4%) but was not different between cocaine-exposed and nonexposed children, indicating that socioeconomic disadvantage (approximately 75% belong to SES category V) can increase the exposure for both groups of children. The finding that higher lead levels predicted lower cognitive outcomes at both ages is consistent with prior studies 55 -57 and should be investigated further in cocaine-related studies.
In this sample, salient factors known to be related to child developmental outcomes were considered, which did not reduce the association of cumulative IDA or lead levels on cognitive outcomes. Further, lower maternal IQ and poorer HOME scores were also associated with lower cognitive outcomes consistent with other child development studies of cocaine 11 and IDA. 36 In conclusion, the rates of IDA were significantly higher among four-year-old cocaine-exposed children. Overall IDA and high lead levels were higher in this sample than reported national rates, suggesting that current screening and treatment practices may be inadequate or may not be appropriately utilized by at risk populations. In fact, 64% of our sample were receiving Women, Infants, and Children program (WIC) assistance at the time of this study. This suggests that, despite effective programs and services in place, postnatal nutritional and environmental risks are still prevalent. Pediatricians need to increase surveillance efforts for this segment of the population, and especially for cocaine-exposed children. Our data also suggest that exposure to IDA between ages two and four years was detrimental to neurodevelopment. To be effective, intervention for ID/IDA must be timely and coincident with the complex neural changes that take place in the human brain between birth and two years of age. 33 Currently, there is a lack of data on the prevalence of ID/IDA in cocaineexposed cohorts before two years of age. It is of public health interest to further study these groups with a larger sample size and target appropriate screening and intervention strategies. Lozoff and Claire Ernhart for their invaluable input in the interpretation of the iron and lead measures, respectively. We also thank Dr. Jeffery Albert, who provided expertise in the statistical interpretation of the data. Lastly, we are thankful to the Dean's Discretionary Fund that enabled us to jumpstart this project. Cocaine, Anemia, and Neurodevelopment 7
